We demonstrate 32.5 Tbit/s 16QAM Nyquist WDM transmission over a total length of 227 km of SMF-28 without optical dispersion compensation. A number of 325 optical carriers are derived from a single laser and encoded with dual-polarization 16QAM data using sinc-shaped Nyquist pulses. As we use no guard bands, the carriers have a spacing of 12.5 GHz equal to the Nyquist bandwidth of the data. We achieve a high net spectral efficiency of 6.4 bit/s/Hz using a software-defined transmitter which generates the electrical modulator drive signals in real-time.
Introduction
Technologies for Tbit/s "transmission" systems are in the focus of numerous recent investigations [1] [2] [3] [4] [5] . Of special interest are architectures that allow reducing component count, cost and power consumption while at the same time offering the best possible spectral efficiency.
Recent record Tbit/s standard-WDM experiments demonstrated the feasibility to generate and transmit data rates up to 69 Tbit/s on a total of 432 independent laser sources over 240 km of specialty fiber [3] achieving a net spectral efficiency of 6.4 bit/s/Hz. Also, orthogonal frequency division multiplexing (OFDM) has been suggested as a viable technology to transmit large data rates at a potentially higher spectral efficiency [6] [7] [8] . And indeed, with a combination of WDM and OFDM 101.7 Tbit/s have been encoded onto 1480 independent optical carriers that were derived from 370 physically independent laser sources and transmitted over 165 km with a net spectral efficiency of 11 bit/s/Hz [9] . While all of these reports describe landmark experiments which have their special merits, the number of required laser sources does not seem to be viable. In contrast to WDM, optical time division multiplexing (OTDM) is able to provide Tbit/s data rates with only a single laser [4, 5] . Data rates of up to 10.2 Tbit/s are obtained with an optical bandwidth of roughly 30 nm. This corresponds to a net spectral efficiency of 2.56 bit/s/Hz [4] , which is significantly lower than the spectral efficiencies achieved in WDM experiments. Even though advanced dispersion-managed fiber links are employed, the maximum transmission distance achieved at 10.2 Tbit/s is 29 km. However, more recently, we have been able to transmit 26 Tbit/s data over a distance of 50 km of SMF28. We achieved this using a frequency comb generated by a single laser, which effectively replaced 325 highly stabilized lasers. In that experiment, we increased the net spectral efficiency to 5.0 bit/s/Hz [10] .
It has been pointed out that an option for further improving the transmission performance is spectral shaping in order to increase the nonlinear impairment tolerance [11, 12] , and to reduce receiver complexity [13] . In particular, Nyquist pulse shaping leads to rectangularlyshaped spectra [14, 15] , which enables Nyquist WDM where the carrier spacing is equal to the symbol rate (assuming identical symbol rates in all bands, which is not necessarily required). Nyquist WDM with higher order modulation formats like 16QAM has been discussed as an option for Tbit/s super-channels [16] as it offers a high spectral efficiency. Yet, Nyquist WDM transmission with Nyquist pulse shaping and 16QAM has not yet been shown, and so far it is not clear if such WDM schemes allow for transmission over significant distances.
In this paper, we discuss benefits and challenges of Nyquist WDM in comparison to other terabit multiplexing schemes, and we present our implementation of a Nyquist WDM transmitter. To show the potential of Nyquist WDM we demonstrate for the first time Nyquist WDM transmission at an aggregate line rate of 32.5 Tbit/s with real-time computation of the electrical Nyquist signals. In the experiment, the data are encoded on 325 optical carriers, which are derived from a single laser source. This spectral comb has a frequency spacing of 12.5 GHz and covers a range between 1533.47 nm and 1566.22 nm. 16QAM-formated data at a symbol rate of 12.5 GBd define the complex amplitudes of subsequent sinc-shaped Nyquist pulses, which are then modulated on optical carriers with 12.5 GHz spacing. In our experiments we show transmission over 227 km -which is more than four times longer than what was previously achieved with an all-optical OFDM using the same optical frequency comb source [10] . In addition, the net spectral efficiency is increased to 6.4 bit/s/Hz. This clearly demonstrates the potential of Nyquist WDM as a multiplexing scheme for highest aggregate data rates.
Benefits and challenges of Nyquist WDM transmission systems
There are significant advantages and challenges in the implementation of Nyquist WDM as compared to other schemes like standard WDM, OFDM and all-optical OFDM transmission systems. True Nyquist WDM builds on immediately neighbored partial spectra that do not overlap due to their rectangular shape. The bandwidth (B N ) of the partial spectra of channel N is given by the Nyquist bandwidth of the encoded data, and it is equal to the symbol rate R N . To achieve the rectangular partial spectrum, a special shaping of the data signals in form of sinc-pulses or Nyquist pulses is needed.
Due to the minimized bandwidth, Nyquist pulse transmitters have substantial benefits compared to standard non-return-to-zero transmitters (NRZ), because the available electrical bandwidth of components like digital-to-analog converters (DAC), driver amplifiers and modulators is optimally used. This, however, comes at the price of an increased amount of digital signal processing. Also, some oversampling is needed to accommodate anti-aliasing filters after the digital to analog converters [14] .
A challenge when generating true Nyquist WDM is that the distance of the neighboring optical carriers has to be controlled precisely. For a true Nyquist WDM signal, the following condition has to be met: If two neighboring channels, channel N and channel N+1, operate at symbol rates R N and R N+1 , respectively, the spacing Δf has to be Δf = (R N + R N+1 )/2. If the spacing is larger, optical bandwidth is wasted. If the spacing is smaller, linear crosstalk from neighboring Nyquist channels will increase significantly. In our experiment we investigate the case, where all carriers have the same symbol rate. In this case, the carrier spacing Δf is equal to the symbol rate R.
Nyquist WDM transmission, when compared to all-optical OFDM [10] , has the distinct advantage that only the dispersion within the bandwidth (B N ) of one Nyquist channel has to be compensated. Usually this is not done with dispersion compensating fibers, but rather by digital signal processing in the coherent receiver as it is the case for the present experiments. Electronic dispersion compensation can also be implemented for individual or small groups of subcarriers of an OFDM signal. However, the bandwidth of each modulated OFDM subcarrier is significantly larger than the OFDM symbol rate R N . In case of all-optical OFDM, the OFDM symbol rate is of the same order of magnitude as the symbol rate of the Nyquist WDM channels. This leads to a larger amount of digital signal processing for dispersion compensation compared to Nyquist WDM. Additionally, simulations in [14] indicate that Nyquist pulse shaped signals exhibit a significantly lower peak to average power ratio (PAPR) compared to OFDM.
In Nyquist WDM receivers, the WDM channels are coarsely selected with optical filters. The final selection of a channel is done in the electrical domain by digital signal processing whereby sharp-edged filters can be easily realized. An additional challenge arises when implementing a clock recovery for Nyquist signals. As they will not have noticeable spectral components at the frequency of the sampling clock, most standard clock recovery algorithms will not work. Our solution for a clock recovery has been presented in reference [14] .
Implementation of a Nyquist pulse transmitter
Pulse shaping is crucial for the implementation of Nyquist WDM transmission systems. Sincshaped Nyquist pulses extend infinitely in time and generate a rectangular spectrum (insets in Fig. 1 ). The Nyquist pulses repeat with the impulse spacing T, are modulated with complex [14, 15] . Two FPGAs are programmed to generate the PRBS ( 15 data, and have a total bandwidth B = 1 / T, which equals the symbol rate. For our experiment two real-time Nyquist pulse transmitters are implemented (one is shown in Fig. 1 ) to modulate odd and even carriers. The transmitter setup is similar to the implementation of our multi format transmitter [17] . However, to be able to do pulse shaping, we use oversampling with two samples per symbol. In a first step, a pseudo-random bit sequence (PRBS, length 2 15 1) is generated in real-time by the two FPGAs (Xilinx XCV5FX200T). The 16QAM symbols enter a finite impulse response (FIR) filter with 64 taps, thereby generating sinc-shaped Nyquist pulses modulated with the data. The resulting digital signal is then converted to the analog domain using either two VEGA DAC25 (Tx1 in Fig. 2 (a) ), or two VEGA DAC-II (Tx2 in Fig. 2 (a) ). Simulated eye diagrams are displayed as insets in Fig. 1 . The digital-to-analog converters operate at 25 GSa/s, generating 12.5 GBd signals with an electrical bandwidths of 6.25 GHz. Electrical lowpass filters with a 3 dB bandwidth of 12 GHz and a suppression of > 30 dB at 13 GHz remove the image spectra. After amplification, the signals are fed to an optical IQ modulator which in turn modulates the optical carrier [14] .
Nyquist WDM experiment
Our Nyquist WDM system Fig. 2 (a) (c) consists of four main components: the optical comb source, two Nyquist WDM transmitters as in Fig. 1 , a polarization multiplexing emulator, and a coherent optical Nyquist WDM receiver.
The optical comb source is actually one of the key components in this experiment. It did not only provide a cost-effective and energy-efficient way to generate a large number of optical carriers, it also generated them with a highly stable frequency spacing, which is useful for the case of equal symbol rates in all channels. This comb source uses a pulse train from an ERGO-XG mode locked laser (MLL) which is amplified and filtered to remove amplified spontaneous emissions. The MLL output is split in two parts, one of which is spectrally broadened in a highly nonlinear photonic crystal fiber [10] . In the wavelength selective switch (WSS), the original MLL comb is bandpass-filtered and fills in the notch-filtered broadened comb such that unstable sections in the center of the broadened spectrum are replaced by the original MLL spectrum. This spectral composing process is also exploited for equalizing the frequency comb to form a flat output spectrum. For Nyquist transmission there is no requirement for a fixed initial phase of all carriers relative to the beginning of a symbol time slot (coherent WDM [18] ). Therefore, the two parts of the total composite spectrum need not be stabilized against each other, as would be needed for Coherent WDM. A number of 325 optical carriers are generated between 1533.47 and 1566.22 nm with a spacing of 12.5 GHz. Our measurements indicate that the line width of the carriers is significantly lower than the line width of our local oscillator in the receiver (Agilent 81682A -external cavity laser -ECLline width typ. 100 kHz). The MLL is adjusted such that the carriers fall on the ITU grid. This allows us to use of off-the-shelf optical components.
For modulation, the spectral lines are decomposed into odd and even carriers using a standard optical dis-interleaver. Odd and even carriers are modulated with Nyquist transmitters Tx1 and Tx2, respectively, see Fig. 2 . To generate a Nyquist WDM signal, the symbol rate of 12.5 GBd is chosen to equal the carrier spacing of 12.5 GHz. Both transmitters operate with separate sampling clock sources as no symbol synchronization is required. After modulation, odd and even carriers are combined in an optical coupler to form the Nyquist WDM signal. The two outputs of this coupler are then delayed with respect to each other for data decorrelation (delay 5.3 ns) and combined in a polarization beam combiner to emulate polarization multiplexing.
The signal is then amplified and transmitted over distances of 75.78 km and 227.34 km using a Corning SMF-28 with EDFA-only amplification. The optimum launch power was found to be 18 dBm for the complete Nyquist WDM signal. This corresponds to a power of 7 dBm per carrier.
After transmission, the carrier of interest is selected in a WSS, amplified, and finally received in an optical modulation analyzer (OMA -Agilent N4391A). Four signal processing steps were performed before the 16QAM demodulation. First, the chromatic dispersion is compensated. Second, a digital brick wall filter selects one carrier and removes all remainders of neighboring carriers. Third, the standard polarization tracking algorithm separates the two polarizations, and fourth, the clock phase is recovered as described in [14] . Only the digital brick wall filtering and the clock phase estimation algorithm had to be implemented in addition to the standard algorithms included in the OMA software. No modification of the Fig. 2 . Nyquist WDM setup. (a) A mode-locked laser (MLL) produces a frequency comb (see inset above (a)) which is broadened in a highly nonlinear fiber (HNLF). A wavelength selective switch (WSS) equalizes the resulting comb of 325 lines and replaces the unstable central part by a copy of the original MLL comb. An optical dis-interleaver (DIL) separates odd and even carriers (power spectra in the inset above (a)). On these carriers the transmitters Tx1 and Tx2 (see schematic in Fig. 1 ) encode 16QAM data in form of sinc-shaped Nyquist pulses. Polarization multiplexing is emulated. The arrow points to the resulting optical power spectrum (inset below (a)). (b) The optical signal is then transmitted over one or up to three spans of Corning SMF-28 with EDFA-only amplification. (c) In a coherent Nyquist WDM receiver a WSS selects a 60 GHz wide group of Nyquist channels fitting to the bandwidth of the optical modulation analyzer (OMA). An external cavity laser (ECL -Agilent 81682A) provides the local oscillator for the coherent receiver. (d) Two-sided RF power spectrum after down conversion from an optical carrier at 1563.6 nm (───) and from the adjacent carriers (───). The rectangular shape of the spectra proves the effectiveness of the Nyquist pulse shaping.
16QAM receiver algorithms of the OMA software was required. Using the built in frequency offset estimation algorithm, we were able to precisely determine the frequency offset up to 500 MHz. This allows for frequency tracking without requiring pilot symbols, which would lead to additional overhead. A linear equalizer with 51 taps was used to compensate for the frequency dependence of the overall transmission system, PMD was not compensated for.
To characterize the signal quality, we measured the error vector magnitude (EVM). We derived a bit error ratio (BER) estimate from the EVM data [19] . We verified this estimate for selected points to support the applicability of this estimation technique. The BER was measured for carriers in the back-to-back case and for the transmission over 227.34 km. We chose Fig. 3 : Experimental results for the transmission experiment. The measured error vector magnitudes for all subcarriers (■ -polarization 1, • -polarization 2) and the received optical spectra (───) are plotted for (a) back-to-back characterization, (b) transmission over 75.78 km, and (c) transmission over 227.34 km. For selected EVM values in the around the highest EVM values (▲), the BER was measured and the results are provided in Table 1 to verify the applicability of BER estimation from EVM measurements. Corresponding constellation diagrams for the carrier at 1550.015 nm are shown for the various transmission distances.
carriers that exhibited higher EVM values, which enables us to provide an upper limit of the BER. The accuracy of the BER estimation method from [19] has been demonstrated experimentally in [20] and was again confirmed in these experiments.
Experimental Results
Back-to-back measurements serve as a reference for the overall system performance, Fig. 3 (a) . The EVM for almost all carriers was below the threshold for second generation FEC (BER = 2.3×10 3 ). The root mean squared of the EVM of all carriers was 10.3 %. Fig. 3 (b, c) show the results after transmission. The EVM degraded by 1.0 % for a distance of 75.78 km and by 1.7 % for a distance of 227.34 km. This corresponds to equivalent bit error ratios of BER = 1.2 × 10 3 for a distance of 75.78 km and BER = 2.2×10 3 for a distance of 227.34 km. The EVM for all carriers and distances is well below the limiting EVM for a BER of 1.8×10 2 using next generation soft decision FEC [21] . The EVM differences between the two polarizations, especially in the outer wavelength range, are due to the wavelength dependence of the 3 dB coupler in the polarization multiplexing scheme. An additional degradation can be traced back to the non-ideally gain-flattened EDFAs that were available for the experiment. These EDFAs lead to the uneven received spectra after transmission. If EDFAs with better gain flattening were used in such an experiment, we would expect a significant increase in achievable transmission distance.
When approaching the Nyquist spacing of the channels, a certain amount of linear crosstalk is to be expected due to the finite filter slopes. These finite impulse response (FIR) filters are implemented by digital real-time signal processing [14, 15] . In the present experiment, the crosstalk is very small as shown in the RF spectra in Fig. 2 (d) . Here we show the measured RF spectra when only transmitter 1 (───) or transmitter 2 (───) are turned on. A small amount of sampling clock leakage in the DAC can be observed at 12.5 GHz. The tones around ±10 GHz originate from the sampling oscilloscope in the receiver. The EVM degradation due to residual crosstalk is measured to be 1.5 % to 2 %. The line rate of 32.5 Tbit/s corresponds to a net data rate of 26 Tbit/s for the transmitted signals (taking into account the 25 % FEC overhead [21] ).
To verify the relationship between EVM and BER, we chose to measure BER and EVM for some selected carriers. As the whole equipment was only available for a brief period of time, we measured the BER only for the carriers presented in Table 1 . We chose these carriers such that the worst case EVM for the back-to-back and 227 km transmission was included. In Table 1 we show the measured EVM values and the measured BER. In addition, we calculated a BER corresponding to the measured EVM values using equation (1) which was derived in reference [19] :
For our 16QAM signal the number of signal levels in each quadrature is L = 4, the number of bits encoded in one QAM symbol is log 2 M = 4, and the modulation format dependent factor is k 2 = 9/5. It has to be mentioned that a misprint happened in equation (4) in reference [20] , where 2 has to be replaced by a 1. However, the corresponding plot in Fig. 3b in reference [20] has been calculated correctly. The calculated BER only differs slightly from the measured BER, supporting the applicability of the BER-EVM relationship, which is based on the Gaussian hypothesis. 
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The distribution of the constellation points is a critical factor for the applicability of the BER-EVM relationship and for error free operation when using soft-decision FEC [21, 22] . To support the claim that our measured constellations follow the required χ 2 -distribution (additive Gaussian noise on the constellation points), we plotted in Fig. 4 the constellation diagrams for the carriers listed in Table 1 . Additionally, we performed a statistical analysis of the distribution of inphase (I) and quadrature phase (Q) error vectors in the constellation diagram. The results are displayed in Fig. 4 and support the claim of a Gaussian distribution of the added noise.
In summary, our results show that a filter length of 64 taps when using twofold oversampling is sufficient for implementing a Nyquist WDM transmission system. However, we expect an additional performance improvement when longer filter lengths are used. The quality of reception could not be compared to 16QAM WDM experiments as linear crosstalk from Table 1 . The statistical analysis of the error vectors in inphase (I ───) and quadrature (Q ───) clearly indicates a Gaussian distribution of the added noise as far as required for the BER under investigation.
neighboring carriers limited the EVM. Also, as all carriers in this experiment were derived from a single laser, the experiment should be compared to experiments using only a single laser. Here, we were able to increase the data rate by 20 % and the transmission distance by a factor of 4.5 compared to our previous experiment [10] with record-high data rate transmitted on a single laser.
Conclusion
In this paper we show that Nyquist WDM is a promising candidate for next generation communication systems. Nyquist WDM improves spectral efficiency and transmission distance when compared to previously investigated all-optical OFDM systems. We demonstrate for the first time 16QAM Nyquist WDM transmission with a symbol rate equal to the carrier spacing. The sinc-pulse shaping is done by real-time digital signal processing. A total aggregate data rate of 32.5 Tbit/s and a net spectral efficiency of 6.4 bit/s/Hz are achieved. As all carriers are generated from a single laser, this is a new record in data rate encoded onto a single laser source.
